A highly scalable and efficient flow-system has been developed to perform the catalyzed acetylation of alcohols and phenols, such as salicylic acid, at room temperature in excellent yield. The volumetric throughput and the amount of product can be increased simply by increasing the diameter of a versatile catalytic 12-tungstosilicic acid-supported, silica monolith can be used to increase the quantity of product produced without having to changeing the optimal operatingreaction conditions.
Introduction
The acetylation of alcohols and phenols to form alkyl or aryl acetates (methanoates; Ac = CH 3 COY) represents a very important and routinely utilized transformation in organic chemistry and is commonly carried out in the presence of acetic anhydride as an acetylating agent and either a liquid acid or base catalyst (Scheme 1) [1] . One of the most well known and industrially important chemical reactions is the acetylation of salicylic acid in the presence of acetic anhydride and mineral acid to produce acetyl salicylic acid (aspirin). Since Dresser introduced the clinical use of aspirin in 1899, it has become one of the most widely used medications in the world, still relevant today as an analgesic and prophylactic for several serious medical conditions, with an estimated annual production of 40,000 tons [2] . Various metal chlorides [3] and triflates [4] have been investigated in attempts to develop more efficient and selective acetylation reaction protocols. Unfortunately, these catalysts are often toxic, corrosive, and difficult to recover from the reaction solution.
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Due to an advantageous combination of strong acidity and an environmentally friendly nature, heteropoly acids (HPAs) have found numerous applications as versatile, green catalysts for a wide variety of organic reactions, such as acetylation of alcohols and phenols [5] , oxidation of alcohols [6] , FriedelYCrafts and Mannich reactions [7] , cyanosilylation [8] , ring-opening reactions of epoxides [9] , dehydration [10] , and hydrolysis reactions in the manufacture of biofuels [11] . HPAs generally exhibit higher catalytic activity than that of conventional liquid mineral acid catalysts, offering many advantages including high flexibility in the modification of the acid strength, ease of handling, reusability, experimental simplicity, minimal environmental pollution, and limited corrosion problems [12] . However, notable disadvantages of HPAs, which limit their application, are their low surface area and high solubility in polar solvents. These problems can be overcome by the use of a support material, such as porous silica or mobile crystalline material (MCM)-41 [13] . Currently, supported HPA catalysts are used as particles suspended in a reaction mixture which makes it difficult to control reaction parameters and conditions when attempting to scale-up the reaction. In addition, a reduction in the activity of supported HPA catalysts over several reaction cycles has been observed due to loss of the supported HPAs [14] .
Recently, the use of continuous-flow micro reactors for chemical synthesis has been shown to offer greater control over reaction conditions, e.g., catalyst, reagent, and contact time, with the ability to optimize and scale-up chemical reactions without the need for additional optimization [15] . This combination of reactor attributes leads to lower cycle times, greater selectivity, and higher yield compared to those using batch-based methods [16] . In particular, so-called ''monolith flow reactors'' have been shown to offer good flow characteristics, associated with the presence in the monolith of nano-and micro-scale pores, while representing ideal supports for reagents and catalysts [15c] .
We report in this paper the development of an heteropoly acid, 12-tungstosilicic acid (H 4 SiW 12 O 40 )-supported silica-based monolithic reactor and the results of testing it by the acetylation of alcohols and phenols, such as salicylic acid, in the presence of acetic anhydride as a model reaction to demonstrate the practicality of this approach and to extend the scope of continuousflow monolithic reactors. The results reported here indicate that HPAs-supported monoliths not only minimize the pollution and corrosion problems of the traditional reactions but also facilitate the optimization and scaling up of chemical reactions with precise control over the reaction parameters without the need for additional optimization. The results of this model reaction indicate that the use of continuous-flow monoliths allows scale-up of chemical reactions without any material change in the product yield or reaction conditions, by the simple expedient of increasing the diameter of the monolith, e.g., a doubling of the monolith diameter results in a four-fold increase in the flow rate and corresponding four-fold increase in product output. This scaling-up process is particularly attractive because as the dimensions of the nano-and micro-pores in both monolithic structures are the same, the corresponding permeability coefficient will remain constant resulting in no change in the pressure drop for the larger monolith, which will, however, produce a larger volumetric throughput for an identical flow rate or catalyst contact time [15c] . Furthermore, the continuous-flow process eliminates the requirement of the separation of heterogeneous catalysts from the reaction mixture and minimizes the environmental pollution and corrosive problems often encountered using the traditional methodologies involving the use of toxic and corrosive liquid acids, such as hydrofluoric and sulfuric acids.
Results and Discussion

Immobilization and Characterization of the Monolithic
Catalysts. The preparation of silica-based monoliths and 12-tungstosilicic acid-supported monoliths (H 4 SiW 12 O 40 -monolith) is described in the Experimental. Characterization of these monoliths by N 2 adsorption and desorption isotherms indicates type H2 hysteresis (see Figure 1) , which is consistent with the disordered mesoporous structure seen in the micrograph shown in Figure 2 .
The 2.2. Acetylation of Alcohols and Phenols. A variety of hydroxyl substrates including primary, secondary, benzylic alcohols, and phenols has been used as reactants in a model acetylation reaction using the 12-tungstosilic acid H 4 SiW 12 O 40 -monolith-3.2 in the presence of acetic anhydride as acetylating agent without solvent and at room temperature under continuous-flow conditions. It can be seen from Table 2 that all of these acetylation reactions are efficient, giving a high yield with negligible formation of by-products (see GCYMS chromatograms of samples in the Supporting Information). This HPA-supported monolith is a more active catalyst than that used in conventional batch reactions, e.g., see that reported by Heravi et al. [5a] where the use of free HPA in a batch acetylation reaction gave an 89% yield using 4-nitrophenol and 97% yield using 4-methoxy benzyl alcohol as the reactants, with a reaction time of 15 min, compared to the results reported here using the HPAsupported monolith catalyst in a continuous-flow microreactor where the acetylation is 100% complete within a residence time of 3 min (see entries 3 and 4). The high activity of the supported 12-tungstosilicic acid can be attributed to the high dispersion of the acid in the monolith mesopores. However, when the reagent flow rate is increased from 80 to 160 and then 320 HL/min, corresponding to contact times of 3, 1.5, and 0.75 min, respectively, the product yield, for example, of the acetylation of 2,4,6-trichlorophenol decreases from 100% to 68% and then 36% due to the shorter contact times. This continuous-flow method tolerates other functional groups on the reactants such as double bonds (entry 9) and gives the quantitative acetylated product. A deactivating group in the reactants reduces their reactivity towards acetylation. It is also very interesting to note that 3-hydroxyphenol (entry 6) mainly gives mono-acetylated product (97%) with only 3% di-acetylated product, while the acetylation of 1,4-dihydroxybutane (entry 7) only generates the di-acetylated product and none of the mono-acetylated product. These results suggest that the presence of the acetyl group added by acetylation reaction reduces the activity of the second hydroxyl group in phenols, while there is little effect on the 48 Acetylation of Alcohols and Phenols activity of the second hydroxyl group in 1,4-dihydroxybutane. This may be attributable to mesomeric effects in (aromatic) phenols, which are not present in (aliphatic) alcohols. Similar results to those reported in Table 2 using a very large excess of acetic anhydride can also be obtained using 1.0Y1.5 M equivalent of acetic anhydride to reactant when the reactant is soluble in acetic anhydride. However, some reactants have limited solubility in acetic anhydride and a high concentration of acetic anhydride, e.g., 0.3 M for salicylic acid is used to make a homogenous reaction mixture. Therefore, this concentration was used for all reactions in this work (see Table 2 ) to eliminate the effect of changing the concentration of reagents and reactants, so that valid comparisons of the results can be made. Table 2 . The results confirm that the larger monolith with a two-fold increase in diameter (3.2 to 6.4 mm both 35-mm long) gives correspondingly high yields with an almost fourfold increase in product quantity. The H 4 SiW 12 O 40 -monoliths were also tested for acetylation of salicylic acid (entry 15) to produce acetylsalicylic acid (aspirin) which demonstrates that 1 g acetylsalicylic acid can be produced within 1 h using a flow rate of 0.32 mL/min. A control experiment was also carried out
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Ping He et al. a All reactions were carried out at room temperature (È25 -C). Reactant (0.3 M) was premixed in acetic anhydride, and the reactant solution was pumped through the reactor using an HPLC pump. Yields were determined by GCYMS versus internal standard. Substrate contact time for both monolithic reactors was 3 min. Flow rates were 80 HL/min for H 4 -monoliths is indicated through their repeated use which, in this investigation, represented 15 reactions, each requiring five optimization reactions (total reaction number 75) carried out using one monolithic reactor without any distinguishable loss in reaction performance. In addition, the monolith catalyst was washed with methanol (see washing treatment in the Supporting Information) between each acetylation reaction, and the turnover frequency (TOF) for salicylic acid was 130/h. This stability can be attributed to the surface interaction between 12-tungstosilicic acid and the monolith support, which is confirmed by infrared characterization. As seen in Figure 4 , the main infrared (IR) bands of H 4 SiW 12 O 40 -monolith are 978 (W=O), 929 (SiYO), 885, and 795 cm j1 (WYOYW), which corresponds to characteristic 12-tungstosilicic acid vibrations [17] , indicating that the Keggin structure of HPA remains after the silica monoliths are impregnated with HPA. The absorption band for W=O shows a small (3 cm j1 ) red shift, and the bands for WYOYW show more significant blue shifts (up to 13 cm j1 ) compared to the corresponding peaks in the IR spectrum of bulk 12-tungstosilicic acid (see Table 3 ). The presence of these shifts is indicative of the interaction of the monolith support with the most external oxygen atoms of the Keggin anion and stabilization of the 12-tungstosilicic acid supported on the mesoporous silica monoliths [18] .
Conclusion
In summary, it has been demonstrated that the 12-tungstosilicic acid-supported silica monolithic reactors show excellent yields for acetylation of alcohols and phenols, such as salicylic acid, under continuous-flow conditions. One of the important features of the monolithic reactor is that the amount of product can be scaled-up simply by increasing the diameter of the catalytic monolith without changing the optimal reaction conditions. The high activity and strong stability of the supported 12-tungstosilicic acids are attributed to high dispersion of 12-tungstosilicic acids on silica monolith supports and the surface interaction between the monolith and the most external oxygen atoms of the Keggin anions. No problems were encountered in the scale-up of the monolith with a diameter of 3.2-mm to a 6.4-mm monolith, i.e., there was no shrinkage, and the flow reaction worked perfectly well. However, it was more difficult to maintain a uniform temperature across the larger monolith during the gelation reaction, and this difference in gelation temperature resulted in a change in the nano-and micro-structure of monoliths.
4. Experimental 4.1. Materials. All reagents and solvents, such as poly(ethylene oxide) (PEO) with average relative molar mass of 100 kDa, tetra-ethoxysilane (TEOS), acetic anhydride (99%), dichloromethane (99%, DCM), ammonium hydroxide (5 N), and nitric acid aqueous solutions (1 N), were purchased from Aldrich. All reagents were used as obtained without further purification. Heat-shrinkable Teflon tubes (wall thickness of 0.1 and 0.3 mm before and after shrinkage) with a shrinkage ratio of 2:1 were purchased from Adtech Polymer Engineering Ltd. (UK).
4.2. Synthesis of Silica Monolith Supports. Silica-based monoliths were prepared using a solYgel process described in the literature [19] . The desired amount of PEO was added to an aqueous solution of nitric acid, and the resultant mixture was cooled in an ice bath and stirred until a homogeneous solution formed. TEOS was then added to the reaction mixture, which was stirred vigorously in an ice bath for 30 min to form a transparent solution. Subsequently, the solution was poured into a plastic mold (diameter of 4.8 mm and length of 6 cm for monolith-3.2 and diameter of 8.2 mm and length of 5 cm for monolith-6.4). Both ends of the plastic mold were then closed, and the sealed tube was incubated in an oven at 40 -C for 3 days, while a wet, semi-solid gel monolith was formed. Approximately 20% shrinkage occurred during this gel formation, which allowed easy removal of the wet gel monoliths from the plastic tube molds. The wet gel monoliths were washed with copious amounts of water to remove any residues and then transferred to a 10 times volume of 1 M NH 4 OH aqueous solution in an autoclave where it was incubated at 80 -C for 24 h. The monoliths were again washed with copious amounts of water before drying in an oven at 90 -C for 24 h. Finally, the monoliths were calcined at 550 -C for 3 h (heating rate: 2 -C/min) in an air flow to remove the remaining PEO and form white silica-monolith rods (diameters of 3.2 and 6.4 mm, respectively), which were then cut to 35-mm-long monoliths. A reaction solution containing reactant (0.3 M) in acetic anhydride was pumped through the reactor at room temperature. The residence times of the reactants within the catalytic monoliths were determined using the known void volume of monoliths and different flow rates. Product samples were collected at defined flow periods during a reaction run and weighed, and a known amount of dodecane was added to the individual samples as an internal standard. Samples were treated with distilled water to remove excess acetic anhydride and extracted with DCM. The remaining organic material was then washed three times with distilled water, collected and dried over MgSO 4 . Individual samples were analyzed using GCYMS (Varian 2000) as described in literature [20]. 4.5. Sample Characterization. Scanning electron microscopy (SEM) images were obtained using a Cambridge S360 scanning electron microscope operated at 20 kV. Each sample was sputter coated with a thin layer of gold-platinum (thickness approximately 2 nm) using a SEMPREP 2 Sputter Coater (Nanotech Ltd.). Transmission electron microscopy (TEM) was carried out on a JEOL-2010 operating at 200 kV. The BET surface area and nanometer-scale pore-size distribution were obtained by measuring N 2 adsorption and desorption isotherms at 77 K by using a micromeritics surface area and porosity analyzer. The pore volume and pore size distributions of the nanometerscale pores within the monoliths were evaluated from the isotherms using the BJH (BarrettYJoynerYHalenda) model. The powder XRD patterns and the IR spectra of the H 4 SiW 12 O 40 -monolith and pure H 4 SiW 12 O 40 were obtained by using SIEMENS D5000 and PerkinElmer Paragon1000 instrument, respectively. Determination of the micrometer-scale porosity V t (which determines the monolith permeability) was determined from the equation (W M j W T )/dlr 2 P, where W T and W M were the weights of the dry and water-filled monolith, respectively, d was the density of water, and l and r were the overall length and radius of the cylindrical monolith. The micrometer-scale pore size was determined from SEM measurements.
